The effects of a transverse gradient in the plasma flow velocity parallel to the ambient magnetic field are analyzed. A transverse velocity gradient in the parallel ion flow, even in small magnitude, can increase the parallel phase speed of the ion-acoustic waves sufficiently to reduce ion Landau damping. This results in a significantly lower threshold current for the current driven ion acoustic instability. Ion flow gradients can also give rise to a new class of ion cyclotron waves via inverse cyclotron damping. A broadband wave spectrum with multiple cyclotron harmonics is possible. A combination of the multiple cyclotron harmonic waves can result in spiky electric field structures with their peaks separated by an ion cyclotron period. A spatial gradient in the parallel electron flow is also considered but it is found to play a minimal role in the low frequency regime. Relevance of these to natural plasma environments is discussed.
I. INTRODUCTION
The classic work of Kindel and Kennel 1 has strongly influenced the interpretation and analysis of space plasma wave observations for decades. Two most enduring notions from this work that are firmly embedded in the space plasma community are that ͑1͒ the current driven ion-cyclotron instability ͑CDICI͒ has the lowest threshold in the ionospheric plasma environment and therefore it is the likely source for plasma oscillations observed in the ionosphere, and ͑2͒ the threshold current necessary for exciting the ion-acoustic instability is orders of magnitude above that of the CDICI. Hence, it is nearly impossible to excite the ion-acoustic waves in the ionosphere for typical magnitudes of observed current, since the ion to electron temperature ratio is of order unity in this region. These have been repeatedly invoked in connection to space plasma observations. However, with the advent of modern high-resolution space probes more detailed observations were possible and it became evident that additional physics, not included in the Kindel and Kennel theory, 1 was necessary to accurately describe the physical underpinnings. Kintner 2 summarized the major discrepancies between the observations and the Kindel and Kennel theory. Some of these are ͑i͒ although levels of field-aligned current which are observed are generally subcritical, waves associated with current are nevertheless observed. ͑ii͒ While the wave spectrum is expected to be narrowband and structured around cyclotron harmonics, a broadband smooth frequency spectrum is often reported. ͑iii͒ While gyroresonant ion heating due to CDICI is possible, rising ion temperature should be self-limiting. 3 However, ion energization is frequently observed associated with broadband waves. 4 -8 In addition, although the theory indicates that the threshold for the ionacoustic instability is much higher than the ion cyclotron instability, ion-acoustic-like waves are observed in the ionosphere. [9] [10] [11] More recent observations 12 indicate the existence of discrete wave spectrum at multiples of hydrogen cyclotron harmonics, which would require much higher levels of current.
An obvious physical feature that was left out of the Kindel and Kennel model is transverse localized electric fields such as those observed in the S3-3 satellite data 13, 14 and in a number of subsequent space probes. To understand the role of such inhomogeneous transverse electric field, a general kinetic formalism was developed [15] [16] [17] [18] and a uniform fieldaligned current was subsequently added to this model. 19 Detailed space applications 20, 21 highlighted the important role of dc electric fields, especially in broadening the wave spectrum, washing out the cyclotron structures, and ion energization. The theoretical studies inspired a number of laboratory experiments [22] [23] [24] [25] [26] [27] specifically designed to test and characterize the physical underpinnings without the space-time ambiguity that is unavoidable in observations made from a moving platform. These laboratory experiments were valuable in understanding the dynamics at smaller scales, which are hardest to detect and characterize in the natural environment because of the statistical nature of in situ data collection and limitations arising from space-time ambiguities. A statistical comparison of the theory and laboratory experiments with observations was recently discussed by Hamrin et al.
Although, the inclusion of the transverse dc electric field in the theory was successful in explaining a number of observational features, others such as simultaneous existence of multiple hydrogen cyclotron harmonics, 12 development of parallel coherent electric field sytructures 12 and existence of ion-acoustic wave signature [9] [10] [11] remains to be fully understood. Interestingly, these features are generally correlated with localized ion flows parallel to the magnetic field. Hence, we need to understand the role of a transverse gradient in the field-aligned flows in more detail.
II. THEORY
We 17,29 developed a general nonlocal kinetic formalism for investigation of effects of inhomogeneous parallel and perpendicular flows in the auroral ionosphere. A uniform magnetic field is assumed in the z direction and a nonuniform electric field is assumed in the x direction. Besides a nonuniform EϫB drift ͓V E (x)ϭϪcE(x)/B͔ in the y direction a nonuniform flow along the magnetic field ͓V d (x)͔ is also considered. The plasma density can also be nonuniform in the x direction. The background plasma condition is sketched in Fig. 1 . The details of the mathematical derivations can be found in Refs. 17 and 29 and are not repeated here. The effects of a gradient in transverse flows and their space and laboratory applications are summarized in Ref. 18 and references therein. The primary focus of this paper is to highlight the role of a transverse gradient in the parallel flows. In order to do so we will consider the equilibrium transverse electric field scale size to be much larger than the parallel flow scale size ͑i.e., L E ӷL d ͒, so that the electric field can be considered to be effectively uniform. The more general case in which inhomogeneity in both parallel and transverse flows is simultaneously operative will be addressed subsequently.
To simplify further, consider a locally linear flow ͓i.e., V d␣ (x)ϭV d␣ ϩ(dV d␣ /dx)x, where V d␣ and (dV d␣ /dx) are constants and ␣ represents the species͔, and no equilibrium electric field. Also, for simplicity, let dV di /dxϭdV de /dx ϵdV d /dx. Transform to the ion frame ͑i.e., V di ϭ0͒ so that V de represents the relative electron-ion parallel drift. In the local limit 30, 31 these simplify the general dispersion relation to
Here, ⌫ n (b)ϭI n (b)exp(Ϫb) where I n are the modified Bessel function, bϭ(k y i ) 2 , i ϭv ti /⍀ i is the ion gyroradius, v ti,e is the ion ͑electron͒ thermal velocity, ϭT i /T e , and ϭM i /m e is the ion/electron mass ratio. For no shear ͑i.e., dV d /dxϭ0͒, the dispersion relation reduces to the case for a homogeneous flow.
1,32

A. Shear modified ion-acoustic waves
We first discuss low ͑subcyclotron͒ frequency ionacoustic waves 30, 31 by keeping only the nϭ0 term for the ions and considering long wavelength ͓⌫ 0 (b)ϳ1͔ in Eq. ͑1͒ to obtain 2 ϩ 2 ϩ 2 0 Z͑ 0 ͒ϩ 2 e Z͑ e ͒ϭ0, ͑2͒
Assuming the ions to be fluid ( 0 ӷ1) and electrons to be Boltzmann ( e Ӷ1) and equating the real part of Eq. ͑2͒ to zero we get
where c s ϭ(T e /m i ) 1/2 and 2 ϳ1 is used since ӷ1. For no shear ͑dV di /dxϭ0, i.e., 2 ϭ1͒ the classical ion-acoustic limit is recovered. If 2 Ͻ0, then we recover the narrowband D'Angelo instability 33 around r ϭ0 in the drifting ion frame, which has been the subject of numerous space and laboratory applications for over three decades. 34 -36 Surprisingly, except for the classical case ( 2 ϭ1), the 2 Ͼ0 regime had not been previously addressed. In this regime Eq. ͑3͒ indicates that it is possible to obtain a shear modified ion-acoustic ͑SMIA͒ wave. More interestingly, Eq. ͑3͒ also indicates that shear can increase the parallel phase speed ( r /k z ) of the ion-acoustic mode by a factor . For a sufficiently large , the phase speed can be increased to reduce ion Landau damping. Consequently, a much lower threshold for the ion-acoustic mode can be realized even for T i уT e . The growth rate for the SMIA instability is given by
͑4͒
The classical ion-acoustic wave growth rate is recovered for ϭ1. Increasing rapidly lowers the ion Landau damping as seen from the exponential dependence of the second term in the brackets. The critical drift is obtained from Eq. ͑4͒ by setting the growth rate to zero and minimizing over the propagation angle (k z /k y ) as is plotted in Fig. 2 ͑reproduced from Gavrishchaka et al. 30 ͒. Here dV d /dxϭ0.1⍀ i . It is found that even a small shear can reduce the critical drift for the ion-acoustic instability by orders of magnitude and place it below that of the classical ion cyclotron waves 32 for a wide range of but the waves propagate more obliquely ͑i.e., small k z /k y ͒ than their classical counterpart. This is a sharp departure from the conclusion of Kindel and Kennel. For k y /k z ӷ1 the magnitude of shear, i.e., dV di /dx, necessary for the SMIA waves is very small. This may provide a credible explanation for the observation of ion-acoustic-like waves in ionospheric plasma [9] [10] [11] where T i ϳT e . This may also resolve an important and outstanding debate on the origin of ion-acoustic waves in the solar wind plasmas [37] [38] [39] [40] as well as be relevant to the problem of dissipation in a collisionless shock. 41, 42 These interesting possibilities have recently inspired a laboratory experiment 43 in the University of Iowa which demonstrated the spontaneous generation of ionacoustic waves by sheared ion flow along the magnetic field in a Q-machine plasma in which T i ϳT e . While the SMIA waves can explain the low frequency portion of the spectrum it alone is not sufficient to explain the considerable breadth of the spectrum generally observed in space, 12 which extends from below the oxygen cyclotron frequency to a few hydrogen cyclotron frequencies. This motivates us to extend the idea to higher ͑cyclotron͒ frequencies and examine the effects of velocity shear on these frequencies.
B. Shear driven multiharmonic ion cyclotron waves
To study the ion cyclotron frequency regime we return to Eq. ͑1͒ but relax the constraints of low frequency and long wavelength used in Sec. II A. We first examine how a gradient in the parallel plasma flow affects the threshold condition for ion cyclotron waves by analyzing the expression for critical relative drift for the ion cyclotron waves in small and large shear limits. For the marginal stability condition (␥ ϭ0) the imaginary part of the dispersion relation, Eq. ͑1͒, is set equal to zero,
Dividing Eq. ͑5͒ throughout by 0 and considering e Ӷ1, we get
͑6͒
Under ordinary conditions (k y /k z )(dV d /dx)/⍀ i Ӷ, which implies that the shear in the electron flow is not as critical as it is in the ion flow and can be ignored. Since only the resonant harmonic term dominates, Eq. ͑6͒ can be simplified to obtain an expression for the critical relative drift,
͑7͒
For no shear, dV d /dxϭ0, the critical drift reduces to
This is the critical drift for the homogeneous current driven ion cyclotron instability. 32, 1 Since the relative sign between the two terms within the brackets is positive and each term is positive definite, the critical drift is always greater than the wave phase speed and increases for higher harmonics since r ϳn⍀ i . From Eq. ͑7͒ it may appear that for small but nonnegligible and positive values of ( because of reduction in the ion cyclotron damping. However, this is not possible and can be understood by rewriting Eq. ͑7͒ as
where the second term represents the correction to the critical drift for the current driven ion cyclotron instability due to shear. A necessary condition for the CDICI is that V d Ͼ r /k z . For a given magnitude of ͉dV d /dx͉/⍀ i Ӷ1, it is clear from Eq. ͑9͒ that the shear correction is small unless the ratio k y /k z can be made large. However, as k y increases, the real frequency of the wave approaches harmonics of the ion cyclotron frequency and consequently (1Ϫn⍀ i / r ) becomes very small which makes the shear correction small. Alternately, when k z decreases the wave phase speed increases and the condition V d Ͼ r /k z is violated. Thus, for realistic ͑small to moderate͒ values of the shear magnitude, the reduction in the threshold current for the current driven ion cyclotron instability by a gradient in the ion parallel flow is minimal at best. This is unlike the current driven ionacoustic mode case as discussed in Sec. II A.
Although shear is ineffective in reducing the threshold current for the ion cyclotron instability, it allows for a novel method to extract free energy from the spatial gradient of the ion flow, which does not involve a resonance of parallel phase speed with the relative drift speed. To illustrate this we return to Eq. ͑7͒ and consider the limit (
͑10͒
Each term of Eq. ͑10͒ is still positive definite but the relative sign between them is now negative, which allows for V dc ϭ0. In this regime, the ion flow gradient can support ion cyclotron waves. The physical process can be understood by examining the expression for the growth rate for these waves, which can be expressed as
͑11͒
From ͑11͒ we see that
͑12͒
The first term in the brackets represents a balance between growth due to the field-aligned drift and electron Landau damping while the second term represents cyclotron damping. Provided the drift speed exceeds the wave phase speed and the magnitude of the first term is large enough to overcome the cyclotron damping a net growth for the ion cyclotron waves can be realized. This is the classical case where inverse electron Landau damping leads to wave growth. 32 For the homogeneous case ͑i.e., dV d /dxϭ0͒, the second term is positive definite and always leads to damping. However, if (1Ϫn⍀ i / r ) (k y /k z )(dV d /dx)/⍀ i Ͼ1 then the sign of the cyclotron damping can be changed and the second term can provide a net growth even for V de ϭ0. This new possibility for wave growth is facilitated by velocity shear via inverse cyclotron damping and favors short perpendicular and long parallel wavelengths which makes the term proportional to shear large even when the magnitude of shear is small. A necessary condition for ion cyclotron instability due to inverse cyclotron damping is
͑13͒
where V py and V pz are phase velocities in the y and z directions. Another noteworthy feature introduced by the ion flow gradient is in the generation of higher cyclotron harmonics. From Eq. ͑8͒ we see that in the homogeneous case the nth harmonic requires a much larger drift than the first harmonic. However, for r ϳn⍀ i the critical shear necessary to excite the nth harmonic of the gradient-driven ion cyclotron mode, can be expressed as
͑14͒
For short wavelengths, i.e., bӷ1, ⌫ n ϳ1/ͱ2b and hence, to leading order the critical shear is independent of the harmonic number. Consequently, a number of higher harmonics can be simultaneously generated by the shear magnitude necessary for exciting the fundamental harmonic. This is quantitatively shown in Fig. 2 of Ref. 44 , which shows about 20 ion cyclotron harmonics can be generated for typi-cal ionospheric plasma parameters. This figure also shows that when the Doppler broadening due to transverse dc electric fields that are frequently observed in the ionosphere is also taken into account, the discrete spectra around individual cyclotron harmonics overlap to form a continuous broadband spectrum such as those found in satellite observations. Effects 20, 21 of transverse electric field alone could not produce such a large spectral bandwidth. This remarkable ability of ion velocity shear to excite multiples of ion cyclotron harmonics simultaneously via inverse cyclotron damping is similar to the ion cyclotron maser mechanism. 45 However, important differences with the ion cyclotron maser instability exist. The ion cyclotron maser instability is an electromagnetic nonresonant instability while we discuss the electrostatic limit of a resonant instability. Electromagnetic generalization of our mechanism is possible and will be addressed in the future. Also, in our mechanism the background magnetic field is uniform unlike the ion cyclotron maser mechanism. An additional important feature that can be gleaned from Eq. ͑14͒ is that for k z →0, (dV d /dx) c →0. This is borne out from the numerical solution of the unapproximated dispersion relation, Eq. ͑1͒.
FIG. 3. ͑Color͒
Nonlinear spectral signature from a PIC simulation. ͑a͒ Net fluctuating electrostatic potential due to all modes from the PIC simulation at a given point in space as a function of time. Note the formation of coherent structures. ͑b͒ Frequency spectrum without a transverse dc electric field. Note the discrete spectrum at cyclotron harmonics. ͑c͒ Frequency spectrum including a transverse dc electric field V E ϭ0.8v i . The discrete spectrum overlaps giving rise to a broadband smooth spectrum.
C. Nonlinear signatures
We have examined the nonlinear signatures of the ion cyclotron oscillations by a standard 2D 3 V electrostatic particle-in-cell ͑PIC͒ simulation model 44 including full ion dynamics and gyrocenter approximation for the electrons. 46 To clearly resolve short wavelength modes we used 900 particles per cell with grid size ⌬ϭ D ϭ0.2 i and used ϭ1837. A drifting Maxwellian (Hϩ,eϪ) plasma is initially loaded, with equal ion and electron temperatures. The magnetic field is slightly tilted such that k z /k y ϭ0.01. A parallel drift velocity V d (x) is assigned to ions. The magnitude of the flow is initially specified and not reinforced during the simulation. To characterize the role of spatial gradient in the flow, the relative drift between the ions and the electrons, i.e., field aligned current, is kept at a minimum. Its value does not exceed 3v ti locally while on average it is negligible. Periodic boundary conditions are used in both x and y directions. The magnitude of shear, ͉dV d /dx͉ max ϭ2⍀ i is used for the simulation. For this case L x ϭ64 D and L y ϭ64 D .
In Fig. 2 of Ref. 44 we discussed the linear spectrum with and without the transverse dc electric field. Figure 3 is a comparison of the nonlinear spectral character without and with a uniform transverse dc electric field. Figure 3͑a͒ is the net fluctuating electrostatic potential due to all the excited modes in the simulation at a given point in space. Low and high frequency modes are spontaneously generated. Also note the formation of spiky structures separated by ioncyclotron times. Figure 3͑b͒ is the wave spectrum without a transverse electric field. Several ion cyclotron harmonics are excited with discrete harmonic structure. In Fig. 3͑c͒ we add a uniform transverse dc electric field with V E ϭ0.8vi. The washing out of the harmonic structure and broadening of the spectrum due to overlap of the discrete spectra around ϭ0 and multiple cyclotron harmonics becomes evident.
The simulations ͓see Fig. 4͑c͒ in Ref. 44͔ indicate that coherent parallel electric field structures with their peaks separated in time by roughly the ion cyclotron period develop. This is also reflected in the electrostatic potential as shown in Fig. 3͑a͒ . Interestingly, similar structures are also seen in spacecraft data 12, 47 although it is not clear how these structures originate in space plasmas. As discussed by Temerin et al., 47 these structures could be steepened ioncyclotron waves. Temerin et al. reported observing steepened electrostatic hydrogen cyclotron waves in the auroral zone at altitudes between 5000 and 8000 km. These waves have often been observed simultaneously with magnetic field aligned beams of 0.5 to 16 keV H ϩ and O ϩ ions flowing out of the auroral region. The spectrum of these waves contains multiple harmonics of the ion cyclotron frequency, consistent with the observed sawtooth and spiky wave forms. Temerin et al. 47 and Chaturvedi 48 have examined one-dimensional nonlinear traveling wave solutions for the Sagdeev potential which describes electrostatic ion cyclotron waves in a fluid plasma. The solutions obtained often have a striking resemblance to the wave forms observed. 47 However, these solutions only imply that a nonlinear state with features similar to the observations is possible. They do not elucidate either the formation mechanism and uniqueness or the ambient ionospheric conditions most conducive to their generation.
Our analysis along with PIC simulations suggest that these are related to the shear-driven multiple ion cyclotron harmonic waves. Once the multiple harmonic waves are generated they can combine to form the coherent spiky electric field structures with their peaks separated by ion cyclotron time scales. To illustrate this consider a model time series, S(t)ϭ ͚ n sin(ntϩ␦), with ϳ⍀ i . Figure 4 shows that linear combination leads to spiky structures with peaks separated by ion cyclotron time scales are formed. We have used nϭ10 and ␦ϭ0 in this plot. The formation of these structures is essentially a linear phenomenon and morphologically they appear to be very similar to the coherent structures seen in the saturated stage of the simulation. The amplitude of these structures increase with increasing harmonic number.
In the above illustration we maintained the phase ␦ϭ0 for all the waves. This is an idealization intended only to emphasize a point. To test the integrity of these linear combinations when waves with a variety of phases are present we introduced a random phase ␦ n . There was little difference in the structures when ␦ n was restricted to a small angular spread. This is quite encouraging for the structural integrity of these linear combinations. Even in the most extreme case when ␦ n was uniformly distributed between 0 and 2, we found that while the details of the structures in between the peaks may alter, the peaks still remain distinct and separated by the ion cyclotron period. Similarly, we have also tested the effects of a random noise, i.e., S(t)ϭ ͚ n sin(ntϩ␦ n ) ϩA, where A is a uniform random variable between Ϫ3 and 3 and found that the structures remain more-or-less intact. These imply that the linear combinations are quite robust and can last long enough for the phases to get locked due to nonlinear processes and develop into coherent structures. FIG. 4. An illustrative time series S(t)ϭ ͚ n sin(ntϩ␦) with nϭ10 and ␦ ϭ0. As multiple ion cyclotron harmonic waves are generated they can combine to form such structures linearly and then evolve to the nonlinear stage. Note that the peaks of these structures are separated by the ion cyclotron period.
Therefore, a linear combination of spontaneously generated multiharmonic ion cyclotron waves due to ion flow gradient could well be the seed that leads to the coherent electric field structures in the nonlinear stage as seen in our simulation ͓Fig. 4͑c͒ in Ref. 44͔ and are remarkably similar to those observed in the satellite data. 12, 44 The mesoscale effects of the instability ͑normalized by their initial values͒ are given in Fig. 5 . To highlight the role of shorter wavelength ion cyclotron waves we remove the longer wavelengths by using a (64ϫ16) D size simulation box in this case. Figure 5 shows the time dependence of the total wave energy ͓Fig. 5͑a͔͒ correlated with diffusion ͓Fig. 5͑b͔͒ and transverse ion energization ͓Fig. 5͑c͔͒. Broadband waves are usually associated with ion energization in space plasmas. 4 -8 The waves are generated in the shear region as required by phase relation Eq. ͑13͒ for the 2D system, which imposes a unique sign of k z /k y . Figure 5͑d͒ illustrates relaxation of the flow gradient due to wave-induced viscosity. Figure 6 is a plot of electron flux as a function of time in the region of wave activity. We see that as the wave emerges out of the thermal noise and matures, it accelerates the ambient electrons and imprints on them a modulation at the FIG. 5 . Mesoscale effects in the PIC simulation due to ion cyclotron waves. ͑a͒ Total field energy normalized by its initial value. ͑b͒ Particle diffusion characterized by the spatial spread of marked particles normalized by its initial value. ͑c͒ Transverse ion energy normalized by its initial value. ͑d͒ Relaxation of ion flow profile. Initial profile is reduced in magnitude and gradient. The solid, dashed, and dotted lines correspond to ⍀ i tϭ0, 60, and 100. Because of the two-dimensional simulation box only one slope is unstable which is consistent with Eq. ͑13͒.
wave frequency, in this case near ϭ0 and the ion cyclotron frequency as shown in Fig. 3 . This has important implications for the phenomenon of auroral flicker. 49 The observation of narrowband auroral flicker 49 is explained to be a consequence of the wave-particle interaction at high ͑mag-netospheric͒ altitude between the ambient electrons and electromagnetic ion cyclotron waves found in the magnetosphere although their origin is uncertain. After being energized and modulated in the magnetosphere, the electrons travel all the way down to around 110 kms where their impacts with the neutral molecular oxygen and nitrogen produce dissociation leading to chemical processes that ultimately results in the auroral illumination. In this model the local ionospheric processes do not affect the electrons. Our simulation indicates that the ionospheric processes can affect the electron flux by producing waves locally, which can modulate and energize the electrons. However, for a more definitive conclusion regarding the observation, our model must include a multispecies ͑oxygen-hydrogen͒ population and inhomogeneous transverse electric fields, which are features of the plasma background in the ionosphere and can determine the wave frequency. The generalized model may also clarify the cause for the more recent observation 50 of broadband auroral flicker, which is currently not well understood. Our simulations suggest that the broadband waves generated by the combination of inhomogeneous ion parallel flow and a localized transverse dc electric field could be an important factor in the origin of broadband auroral flicker. This possibility will be further explored in the future.
III. DISCUSSION
We have re-examined the role of spatial variability in the flows along the magnetic field in the interpretation and analysis of observations of auroral plasma phenomena. Since the first paper on this topic by D'Angelo in 1965, numerous space and laboratory applications followed and the field rapidly developed over the last three and one-half decades. However, these developments focused solely on the condition that 2 Ͻ0. Our contribution to this matured field was simply to return to the beginning and ask what if 2 Ͼ0? The primary motivation for this was the persistent observations of ion-acoustic-like turbulence in auroral plasmas [9] [10] [11] with nearly equal ion and electron temperatures that could not be easily understood. In Sec. II A we discussed how a modest amount of spatial variability in the ion flow could enable the generation of ion-acoustic waves in a plasma by significantly reducing the ion Landau damping even when the ion temperature exceeds the electron temperature. Subsequently, motivated by auroral plasma observations of broadband low frequency waves and multiple hydrogen cyclotron waves, we extended our model to these higher frequencies. We found that a spatial variability in the ion flow along the magnetic field can also profoundly alter the generation and characteristics of ion cyclotron waves. In Sec. II B we discussed how a new class of ion cyclotron waves can be excited by the shear in the flow via inverse cyclotron damping even for zero relative drift and easily give rise to multiple harmonics of ion cyclotron waves simultaneously for ordinary plasma parameters.
We discussed the nonlinear signatures using a numerical particle-in-cell simulation model. The simulations provided the nonlinear signature of broadband frequency spectrum, which are discretely localized around cyclotron harmonics. When the effect of a transverse dc electric field is also accounted for in the simulation these discrete spectra begin to overlap and form a broadband continuous frequency spectrum. Simultaneous generation of multiple cyclotron harmonics leads to the formation of coherent electric field structures and gives rise to modulation in electron flux selfconsistently. In the nonlinear phase we see cross-field transport both in particle position and velocity resulting in relaxation of the initial velocity gradient profile. The waveparticle interaction also leads to ion energization. Since most of these phenomena are intimately linked to the simultaneous generation of multiple cyclotron harmonics, the key ingredient for the success of the model is the role of spatial variability in the ion flow parallel to the magnetic field. This can be more clearly appreciated when we contrast our simulation with those of Ishiguro et al. 51 who ignored the ion flow but considered an inhomogeneous electron flow with respect to the ions ͑similar to the equilibrium we had previously analyzed 52 ͒. The Ishiguro et al. simulations 51 do not generate the multiples of ion cyclotron harmonics and consequently miss much of the physics critical to the upward current region of the earth's auroral zone. Since there is no ion velocity gradient in their model, they cannot access the inverse cyclotron damping regime and exploit the benefits offered by the ion velocity gradient such as reduction of the threshold current and simultaneous generation of multicyclotron harmonic waves, etc. Clearly, as far as auroral plasma dynamics in the low frequency regime is concerned, it appears that a spatial variability in the ion flow is more important than it is in the electron flow and should not be neglected.
For further accuracy in reproducing the auroral phenom- ena we need to incorporate additional physics currently not included in the model. At higher altitudes ͑ϳ4000 K ms͒ the plasma is characterized by temperature anisotropy. 53 Currently, we are addressing this. 54 Since the ionospheric altitudes of interest to us contain both oxygen and hydrogen plasmas, we have to consider the multispecies effects. The model is presently electrostatic while observations also indicate magnetic fluctuations. The model will have to be generalized to include electromagnetic effects. However, our experience with electromagnetic effects associated with transverse flow 55, 56 indicates that while the modes have magnetic signatures associated with them, the electrostatic model can explain the bulk of the physics at smaller scales. We also note that recent statistical study of solar plasmas indicate the existence of multiple harmonics of electromagnetic ion cyclotron waves in the solar plasma environment. 57 Possible application of our model to the solar plasma environment will be considered in the future.
